Introduction
Oil shale is an unconventional oil and gas resource and is considered as a very important substitute for conventional energy resources in the 21st century because of its huge reserves and comprehensive utilization possibilities [1, 2] . Many countries, including China, are presently studying more recent oil shale mining methods. For example, researchers from Jilin University, China, have demonstrated the suitability of the borehole hydraulic mining method for extraction of deep-deposited oil shale [3, 4] .
Borehole hydraulic mining is an emerging technology that differs from traditional underground tunnel mining and open-cast mining. The essence of this technology is the prior use of a high-pressure giant placed in the borehole to break the natural structure of solid seams or expand the cracks in the underground rocks. Then the rocks are crushed to form flowable slurry to be transported to the surface by using a water (gas) lifting device for further refinement. The basic principle of the technology was first proposed by the American scientist Aye-Kraay Thor already in 1932 and, independently, by the Russian investigator Tupicen in 1936 [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . By borehole hydraulic mining only specialized workers are needed to operate the hydraulic mining drilling tools on the surface. The method is known to have many advantages, such as high mining depth, short building cycle, low investment in infrastructure, high safety, low labor intensity, and slight damage to the environment, specifically in mining areas where the oil rate is low and the depth of oil shale is great [15, 16] . The technique also has good application prospects [3] .
Identifying a reasonable drilling spatial arrangement and maximum exploitation radius currently remains a problem to be solved in the borehole hydraulic mining of oil shale. The core problems are to determine a reasonable drilling interval and to maximize the coefficient of mining under the premise of surrounding rocks near the excavation stable, to provide safe mining equipment, and determine the ground surface settlement standard. In this study, the FLAC3D numerical analysis software was used to examine these problems under the actual geological conditions of the Nong'an oil shale mining area. The results are aimed to provide a reference for the borehole hydraulic mining of oil shale.
Principle of FLAC3D

Method of solution in FLAC3D
The method of solution in FLAC3D is characterized by the following three approaches: (1) finite difference approach in which first-order space and time derivatives of a variable are approximated by finite differences, assuming linear variations of the variable over finite space and time intervals, respectively; (2) discrete-model approach in which the continuous medium is replaced by a discrete equivalent -one in which all forces involved (applied and interactive) are concentrated at the nodes of a three-dimensional mesh used in the medium representation; (3) dynamic-solution approach in which the inertial terms in the equations of motion are used as numerical means to reach the equilibrium state of the system under consideration. The laws of motion for the continuum are, by means of these approaches, transformed into discrete forms of Newton's law at the nodes. The resulting system of ordinary differential equations is then solved numerically using an explicit finite difference approach in time.
The spatial derivatives involved in the derivation of the equivalent medium are those appearing in the definition of strain rates in term of velocities. For the purpose of defining velocity variations and corresponding space intervals, the medium is discretized into constant strain-rate elements of tetrahedral shape whose vertices are the nodes of the mesh mentioned above. A tetrahedron is represented in Figure 1 as an illustration.
Finite difference approximation to space derivatives
The finite difference formulation of the strain-rate tensor components for the tetrahedron is derived below as a preliminary to the nodal formulation of the equations of motion. The tetrahedron nodes are referred to locally by a number from 1 to 4 and, by convention, face n is the opposite node n ( Fig. 1) .
By application of the Gauss divergence theorem to the tetrahedron, one can write:
where the integrals are taken over the volume and the surface of the tetrahedron, respectively, and n is the exterior unit vector normal to the surface. For a constant strain-rate tetrahedron, the velocity field is linear, and n is constant over the surface of each face. Hence, after integration, Equation (1) yields:
where the superscript (f) relates to the value of the associated variable on face f, and l ν is the average value of the velocity component i. For a linear velocity variation, we have:
where the superscript (l) relates to the value at node l. Substitution of Equation (3) in Equation (2) yields, reorganizing terms by node contribution:
Replacing v i by l in Equation (1) gives, by application of the divergence theorem:
Using this relation and dividing Equation (4) by V, one can obtain:
and the components of the strain-rate tensor may be expressed as:
FLAC3D can well analyze the dynamic process in which the formation and structure of strata in the oil shale mining area gradually stabilize until a plastic failure occurs. This process often happens in oil shale mining. FLAC3D can effectively simulate oil shale mining engineering [17, 18] .
Simulation analysis
Geological conditions of the Nong'an oil shale mining area
Nong'an is rich in oil shale resources, which are distributed in a land area of over 400 km 2 and account for approximately 16.8 billion tons of industrial reserve. The mine area from the surface to the bottom comprises fine sand, clay, clay sand, sandstone, mudstone, sandstone, oil shale, and shale layers. All horizontal layers and their lithology, thickness, and mechanical parameters are given in Table 1 . The oil shale layer is located 235 m to 240 m underground, and its thickness is 5 m. The average water level of this area is 6.06 m underground. In addition, a high tectonic compressive horizontal stress is observed in the rocks. The tectonic stress changes linearly with depth, which can be calculated using the following formula:
H ,
where α is a gradient related to tectonic stress changing with depth (0.02 MPa/m), H is the depth from the surface, and β is the initial value of the tectonic stress (0.4808862 MPa). The mining area layout is shown in Figure 2 , in which circles denote the cylindrical excavations formed by borehole hydraulic mining, and A is the drilling interval. 
The optimal mining scheme
The drilling interval can affect the coefficient of mining. Therefore, the following first seven drill hole spacing schemes should be compared and With the simulation process using Scheme 4, for example, a numerical model (length and width 25 m each and height 250 m) is initially generated (Figs. 3 and 4) . The elastic constitutive model is used to generate an initial stress field. After completion, the constitutive model is changed into the Mohr-Coulomb model, and then the quarter-cylindrical shape step "exploitations" are conducted at the four corner points of the oil shale layer. The mining radius is increased by 1 m. Calculations are performed after each "exploitation" until the plastic zones appear, which indicates the occurrence of a plastic failure. During excavations the stability of the surrounding rock near the excavation and the safety of the mining equipment may be jeopradized. Thus, the actual mining radius should be smaller than the mining radius to ensure safety. However, a small mining radius cannot increase the economic benefit from oil shale mining. Therefore, the maximum radius r max should be equal to the radius value before entering the first plastic zone. No plastic zone appeared in the model when excavations were performed in step 7 (mining radius 7 m), as shown in Figure 3 . However, plastic zones appeared when excavation was performed in step 8, as shown in Figure 4 . Thus, r max in this scheme should be 8 m. Analysis of simulation schemes 1 to 7 yielded r max in different programs and allowed the calculation of the coefficient of oil shale mining under different schemes. Data are shown in Table 2 and Figure 5 . When the drilling interval changed, r max and the coefficient of mining also changed. Table 2 shows that r max increases with increasing A when A is smaller than 25 m. When A is larger than 25 m, r max remains constant and is not affected by A. Figure 5 shows that when A is equal to 25 m, Scheme 4 is selected, and the coefficient of mining of this mine lot can be maximized. Thus, when actual excavations are conducted, Scheme 4 and r max = 7 m are suitable.
Analysis of the vertical displacement of mining
After the exploitation of the underground ore body, the equilibrium state of the original rock stress is destroyed, resulting in the mobile deformation of the upper formation or destruction of the cave [19, 20] . Thus, the displacement field of surrounding rocks near the excavation should be known. Based on the analysis of the Scheme 4 model, a contour map of vertical displacement is obtained when the mining radius was 7 m, as shown in Figure 6 . A vertical slice was generated along the diagonal direction of the model top, as shown in Figure 7 .
After exploitation, a new displacement field was generated in the model. Figures 6 and 7 depict large vertical displacements in the roof and floor of each mined-out area. The directions of these displacements all point internally, and the displacement in the middle of each mined-out area is the largest and is decreasing. The displacement of the nonexcavated rock mass is very small.
Monitoring of the node displacements in the roof and floor of the minedout areas enabled the construction of a graph of the vertical displacement zdis against the distance from the node to the central axis of the mined-out area, as shown in Figures 8 and 9 . The nodes in the roof and floor of the mined-out areas produced vertical displacements, resulting in deformation in the mined-out area. Figures 8 and  9 show that the shape of the roof after vertical displacement is concave upward, the floor is convex upward, and the vertical displacement of the roof is larger than that of the floor.
Analysis of the surface settlement
Excavation of underground rock and soil can cause surface subsidence and deformation. When surface subsidence increases to a certain extent, the safety of the construction on the ground is affected [21] . By monitoring node displacements on the surface, a graph of the surface subsidence zdis against the distance from the node to the central axis of the mined-out area is obtained, as depicted in Figure 10 .
Surface settlement appears after the exploitation of oil shale, and the value of the settlement is related to the distance (d) from the node to the central axis. Figure 10 also shows that the most serious surface settlement appears at the upright top position. The settlement becomes smaller as d increases. The settlement of this mining lot is small, hence producing no effect. 
Conclusions
1) The FLAC3D, developed according to the principle of three-dimensional fast Lagrangian analysis, demonstrated its ability to reasonably simulate the yield or plastic flow characteristics of rock mass in the actual process of production in the Nong'an oil shale borehole hydraulic mining area. FLAC3D also plays a significant role in simulating underground excavation and analyzes well yield failure and the settlement of displacement. 2) By FLAC3D simulation, the highest coefficient of oil shale hydraulic mining in Nong'an was estimated to be around 25%, which is quite a low value. Drilling hydraulic mining should be developed to improve the extraction rate of oil shale. 3) This study applied the three-dimensional fast Lagrangian method to the oil shale borehole hydraulic mining project design, and the research results provided a reference basis for shale borehole hydraulic mining.
